The electrodiffusion technique and the time-resolved tomographic PIV were used in impinging jet issued from a convergent conical nozzle at a Reynolds number of 2450 based on the nozzle diameter d and the jet exit velocity. The relative distance from the nozzle to the impinging wall was equal to h/d=2. The experimentally gained velocity fields provides information on the organization of coherent flow structures, which play a role in the wall shear rate and the mass transfer phenomenon at the impinged wall.
Introduction
The impinging jets are used in the applications requiring high heat and/or mass transfer rates. Numerous papers were published on the Nusselt number (Nu) distributions generated by impinging jets [1, 2] , but only a few studies have been dedicated to the analysis of the corresponding wall shear rate (γ) distributions [3] [4] [5] [6] .
Mass transfer and wall shear rate were deduced from the velocity field close to the impinging wall, and such a field is usually subjected to great uncertainties [6] . To a few exceptions belongs the study of Kataoka et al. [4] who measured local mass transfer and wall shear rate using the electrodiffusion (polarographic) method and pressure fluctuations using a piezoelectric transducer. However they used different electrodes for mass transfer (circular electrodes) and for wall shear rate (rectangular electrodes) measurements. Hence these two phenomena were not measured at the same place. Based on the same experimental apparatus and electrodiffusion method, Kataoka and Mizushina [3] investigated the effect of the freestream turbulence on the wall shear rate and the mass transfer in an impinging round jet at large Prandtl number (Pr > 10 3 ). The jet Reynolds number varied within a range [2800 -32600] and a nozzle-to-wall distances h/d was equal to 3.9, 5.9 and 8.2, where d is the nozzle diameter which was a convergent conical type. The Nusselt number was deduced using an analogy between heat and mass transfer. The hot-wire anemometry technique was used for the freestream velocity measurements in the neighbourhood of the target wall. The authors observed that the wall shear rate is almost unaffected by the free-stream turbulence, whereas the rate of mass transfer is greatly enhanced. The local enhancement of the mass transfer was attributed to the penetration of non-uniform turbulence of free-stream across the laminar boundary layer and to the subsequent transition from laminar to turbulent boundary layer.
Chin and Agarwal [7] used electrodiffusion method for the local mass transfer measurement and classical pressure measurement using holes in the impinging wall. Using the electrodiffusion method, Alekseenko and Markovich [8] measured local wall shear stress of impinging round jet. Chin and Tsang [9] used the same method for mass transfer measurements from an impinging jet to the stagnation region on a circular disk electrode. They found that there is a uniform accessibility to mass transfer (the thickness of concentration boundary layer and mass transfer rate have constant values) in a range of R/d (0.1; 1) for turbulent nozzle flow and R/d (0.1; 0.5) for laminar flow, where R is the electrode radius and d the nozzle diameter.
Beyond this uniform accessibility region the mass transfer rate was found to be a decreasing function of the lateral coordinate.
Kristiawan et al. [10] and Meslem et al. [11] calculated mass transfer rate in the impingement region from the measured wall shear rate in the vicinity of the stagnation point under the assumption of uniform thickness of hydrodynamic and concentration boundary layer.
The literature reveals that for high Reynolds numbers and low nozzle-to-wall distances h/d, two peaks are present on the radial distributions of local Nusselt number or local Sherwood number (Sh), produced by circular impinging jets. The first peak corresponds to the maximum of heat/mass transfer rate and occurs approximately at the nozzle radius. In some investigations [3, [12] [13] [14] , the location of the first peak is observed from r = 0.5d to r = 0.7d for h < 4d. This peak is attributed to the high turbulence intensity at the nozzle edge and to the direct impingement of large toroidal Kelvin-Helmholtz (K-H) vortices originated in the mixing region [3] . The secondary peak occurs at the radial distance from the stagnation point ranging from 1.2d to 2.5d [3, [12] [13] [14] [15] . The origin of this secondary peak is widely discussed in the recent reviews of Carlomagno et al. [16] and Zuckerman and Lior [17] . It is now recognized that this results from the unsteady separation of the counter-rotating secondary vortices which form near the wall bellow primary K-H vortices [16] [17] [18] [19] . Some decades ago, when diagnostic techniques of the flow dynamics were still limited, the secondary peak was attributed to the transition from laminar to turbulent boundary layer in the wall jet region [3, 20] .
With increasing Reynolds number, the location of the secondary peak moves outwards from the stagnation point and their imprint on heat/mass transfer increases [12] .
The present paper is devoted to the characteristics of instantaneous wall shear rate and local mass transfer in an impinging round jet issuing from a convergent conical nozzle at a Reynolds number of 2450 and a nozzle-to-wall distance h/d=2. The experiments are performed using the electrodiffusion method [10, 11, 21] . For the first time, the wall shear rate and local mass transfer are measured at the same place. The fluctuations of the local Sherwood number have never been studied before.
Theory

Electrodiffusion method
The electrodiffusion method (ED) is based on the measurement of the limiting diffusion current (I) on a working electrode (probe). This current is due to the reaction of ions (active species) which are transported by convection and molecular diffusion to the working electrode.
Mass transfer coefficient k can be deduced from the limiting diffusion current I
where j is the flux of the active ions, Sel is the active surface of the electrode, c is the bulk concentration of the active ions, n is the number of electrons involved in the electrochemical reaction and F is the Faraday constant.
The mass transfer coefficient calculated from Eq. 1 is the mean value over the electrode surface. The electrode can be arbitrary large but the k gives a surface averaged value. For measurements of local k it is necessary to embedded small electrodes in a large one. The limited diffusion current can be also interpreted as wall shear rate (γ). To fulfil necessary conditions, the electrode for γ measurements must be sufficiently small and flush mounted in an inert wall or counter-electrode.
The redox reaction of potassium ferri-and ferrocyanide is frequently used in ED measurements. There is a reduction on the working electrode
and oxidation on the auxiliary electrode. In order that the diffusion current is controlled only by the phenomena on the working electrode, the auxiliary electrode must be much larger than the working electrode. The effect of the auxiliary electrode can be also attenuated using higher concentration of ferrocyanide than ferricyanide. To eliminate the transport of ions by migration in electric field, the electric conduction is enhanced by addition of a supporting electrolyte which does not react on the electrodes.
Wall shear rate
Viscosimetric steady flow with parallel streamlines and uniform wall shear rate is the condition for the interpretation of limiting diffusion current as wall shear rate. The formula corresponding to Leveque's equivalent formula for heat transfer, established by Reiss and
Hanratty [22] is valid for the case when the molecular diffusion parallel with the surface can be neglected ( )
where D is the diffusivity of the active ions, and R is the radius of the electrode.
In the case of an impinging circular jet, the streamlines in the wall vicinity close to the stagnation point spread radially from this point. In this region, the wall shear rate increases linearly with the distance from the stagnation point. There is the effect of the velocity component normal to the wall on the probe reading which attenuates with increasing r. The limiting diffusion current at the stagnation point is a function of Using integral mass balance of the mass transfer equation, they arrived to the relation between the wall shear rate and instantaneous limiting diffusion current:
where γcor is the corrected wall shear rate and γ the primary wall shear rate. The primary wall shear rate is calculated using the instantaneous measured limiting diffusion current using Eq.3 or similar equation obtained by the probe calibration. This correction contains only parameters which can be evaluated by the probe calibrations [24] . The expression in the brackets of Eq. 4
is the correction factor. The higher wall shear rate the lower is this factor. Eqs 3 and 4 were obtained under the assumption that the flow direction does not change. However there is unsteady azimuthal component in the wall jet region [18] which causes changes in the flow direction. This will result in some small error which cannot be estimated as this problem has not been solved until now.
Mass transfer
The mass transfer coefficient calculated from Eq. 1 is the mean value over the electrode surface. The electrode can be arbitrary large but the k gives a mean value. For measurements of local k it is necessary to embedded small electrodes in a large one. The same voltage is imposed on all working electrodes and the current through large electrode gives global coefficient while the currents through small electrodes give local coefficients of mass transfer. The Sherwood number is defined by:
where d is the nozzle diameter and D the diffusion coefficient of active ions.
Although mass transfer is considered on the impinged solid wall, the chosen scaling length of the Sherwood number is the nozzle diameter d (Eq. 5). The jet core region, where the characteristics of the jet are nozzle-geometry dependent, still exists in the nozzle-to-wall distance h/d = 2, which is our case. Hence, the transfer phenomena occurring on the target wall at h/d = 2 are nozzle-geometry dependent and the relevant length scale is the nozzle diameter d.
Experimental setup
Wall shear rate and mass transfer measurements
Detailed description of the experimental device can be found in the papers by Kristiawan et al. [10] , El Hassan et al. [21] or Meslem et al. [11] . It consists of a Plexiglass reservoir, a gear pump, a nozzle and a target with electrodes ( Fig. 1a) . The nozzle has a convergent conical form ( The target, see Fig.1c , was manufactured of a Plexiglas disc with a diameter of 100 mm and thickness 17 mm by first drilling the holes to insert the electrodes. Platinum foil with a diameter ddisc of 50 mm and thickness 50 µm (designated in the following as platinum disc) was assembled centrally with Plexiglas disc using Neoprene glue. Holes with a diameter 0.7 mm were drilled through the platinum disc as a continuation of the holes in the Plexiglas disc. The electrodes were fabricated of a 0.5 mm platinum wire which was coated electrophoretically with a deposit of a polymeric paint. After soldering connecting cables, the electrodes were glued with an epoxy resin into the Plexiglas disc, so that the tops of the platinum wires just projected above the platinum disc. The wires were then rubbed down flush with the surface of the platinum disc using progressively finer grades of emery paper. The last emery paper had a grit The distance between the target and the nozzle exit plan h/d was equal to 2. The main parameters of the experiments are summarized in Table 1 .
The voltage on the working electrodes was adjusted on -0.8 V; 5000 data were recorded at a frequency of 500 Hz at a radial position during 10 s for wall shear rate measurement, then the voltage was imposed also on the platinum disc and the same amount of data were recorded at the same frequency for the mass transfer study.
The electrodes were calibrated before and after every series of measurements using a voltage step transient [25] . The result of this calibration, i.e. the Cottrell coefficient which is proportional to (c Sel D 1/2 ), varied about ±4%. The estimated errors were ±8% and ±4% for the wall shear rate and the Sherwood number, respectively. In order to increase the illumination energy, 1000 images were recorded at a frequency of 1000
Hz in single frame mode with laser time interval δt = 0µs. The maximum particle displacement is 14 pixels. The images were reorganized in double frames reducing the measurement frequency to 500 Hz. Prior to the particle volume reconstruction, the original images were preprocessed to improve the reconstruction process. The main images preprocessing steps were described by Hain et al. [26] . A sliding minimum was subtracted from the images to reduce the background noise. A constant background due to laser reflecting or dirty Plexiglas was removed through an algorithmic mask, thus increasing the number of zero voxels. The particle image intensities were normalized by local image intensity, leading to similar particle intensity magnitude for the three cameras. Gaussian smoothing by 3×3 kernel was also applied. A geometric mask was used to define the boundaries of the calculated region.
The 3D particle positions within the volume were reconstructed using seven iterations of the Multiplicative Algebraic Reconstruction Technique (MART) algorithm provided by the LaVision software Davis 8.2.1. The volume was discretized with 520×1544×1188 voxels and a pixel to voxel ratio of 1. The volume self-calibration [27] showed an initial particle based calibration error of up to 2-3 pixels. After self-calibration correction the errors are reduced to below 0.15 pixels. At the present particle image density and number of cameras, the reconstruction quality Q is recognized to be above 0.75 [28, 29] . In this condition, the reconstruction should be assumed to be sufficiently accurate [29] .
The vector fields were obtained by performing multi-pass direct cross-correlation using a final interrogation volume of 64×64×64 voxels (0.28d×0.28d×0.28d) and 75% overlap between adjacent interrogation boxes. The resulting vector spacing in each 3D velocity distribution is 0.07d. The spatio-temporal noisy fluctuations were reduced by using a second order polynomial filter over a kernel size of 5 grid nodes in space and 5 steps in time [13] . The spatial resolution of the filtered data remained equal to 0.28d whereas the temporal resolution was reduced to 8ms. The corresponding frequency of 125 Hz was approximatively five times greater than the vortex shedding frequency (26 Hz) of the studied jet flow.
The local mass conservation principle was used in numerous studies [13, 30, 31] to estimate the random velocity error in tomographic PIV measurements. In fact, when the flow is incompressible, the divergence of the 3D velocity fields should be zero. However, this is not the case when there are measurement errors and numerical truncation in the spatial discretization. When a second order central difference scheme is used to calculate the velocity gradients, assuming uniform vector spacing ∆, and uniform random error in all directions, the velocity gradient error is given by:
is the RMS fluctuation divergence and ) (u δ the random error.
In this study the mean random error was found to be around 0.48 pixel, corresponding approximatively to 4.4% of the streamwise velocity in the free jet region. Note that a random error varying between 0.60 and 0.42 pixel were reported by Atkinson et al. [30] and Buchner et al. [31] in turbulent boundary layer.
Results and discussion
4.1 Initial conditions Fig.3 compares mean velocity profiles (Fig. 3 a) and RMS velocity ( Fig. 3 b) close to the nozzle exit (x/d = 0.1), measured using the 2D PIV [21] and the 3D tomographic PIV.
While rather good agreement between mean velocity profiles was observed in the jet core region, discrepancies appeared in the shear layer region. Discrepancies were also observed in the RMS velocity profiles (Fig. 3 b) .
The observed discrepancies could be attributed to the difference of the spatial resolution between the two measurement technics. Indeed, the 2D PIV measurements [21] were obtained with a spatial resolution of 0.13d×0.13d×0.13d (the third direction corresponds to the 1mm thickness of the laser) while the spatial resolution of the 3D PIV was 0.28d×0.28d×0.28d, which is ten times greater than that in 2D PIV measurements.
Anyway, comparisons are satisfactory which gives confidence in the tomographic PIV used in the present study. Vortex structures are often identified from experimental velocity fields using the vorticity.
However, the vorticity is not always convenient for this purpose as it cannot distinguish between pure shearing motion and swirling motion. The most convenient method for vortex identification is the 2 λ -criterion based on the local pressure minimum [32] . This method was applied to the velocity fields of the Fig. 4 and the results are given in Fig. 5 .
The jet exhibited azimuthally coherent ring vortices which were shed between x/d = 1 and 1.5.
These vortices resulted from the growth of Kelvin-Helmholtz (K-H) waves which rolled up into vortex rings that were carried downstream. The spectra (Fig. 6) Hz. This frequency leads to a Strouhal number based on the initial momentum thickness θ and the jet exit mean velocity Uexit, θ St = 0.013 (see Table 1 ). This value is in a good agreement with values reported in the literature for free circular natural jets. For example, Gutmark and
Ho [33] reported Strouhal number in the range 0.013 to 0.023 for the Reynolds number in the range 10 4 to 10 5 .
In a free round jet [34] , the K-H vortices become three-dimensional after one or multiple pairing, and eventually break down at the end of the jet potential core which extends to 5-6d [35] . In the present study, the target plate was placed at a distance h=2d, where the structures were still well organized and no pairing took place.
As shown in Fig. 5(b) , the K-H vortices were very close to the wall in the wall jet region (r/d = 1.5) and beginning with r/d = 2 they draw far apart the wall. The wall shear rate and mass transfer measurements were carried out alternately. The stagnation point was adjusted at a selected radial distance r (see Fig. 1 ) and wall shear rates γ were measured by the platinum wires working as cathode. Keeping the same position of the stagnation point, local mass transfer was measured by the platinum wires and global mass transfer by the platinum disc (both working as cathode). The nickel sheets were used in the both cases as anode.
The local time averaged Sherwood numbers ( Sh ) measured with the six electrodes are shown in Fig.8 as a function of radial position r. Note that the radial distribution was constructed using 18 data series corresponding to 18 positions of the stagnation point between the points A and B of the platinum disc ( Fig. 1 ). Hence, 6×18= 108 currents were used for the construction of such radial distribution of Sh . The scatter of measured values is less than ±10% relative to the polynomial fit. The local Sherwood number Sh slightly increases in the stagnation region (0 < r < 5 mm) and the maximum occurs at r = 0.57d, a distance little greater than the nozzle radius. The concentration boundary layer has not a constant thickness as was also observed by Kataoka et al. [4] in the jet core region of convergent impinging jet. Due to the increasing fluctuations of γ, the Sh increases. The mass transfer is very sensitive to the velocity turbulence which is still low on the jet axis in the potential core region and increases near the nozzle edge. Vallis et al.
[36] observed a maximum of Sh at the stagnation point using nozzle to plate distance in the range 5 to 20 nozzle diameters. The jet core region is already consumed at 5d, a position from which the turbulence rises on the jet axis. In numerous studies of heat transfer (see for example Lee and Lee [12] or Colucci and Viskanta [37] ) the same behavior was observed for the local time-averaged Nusselt number distribution: the maximum of Nu in the jet core region is shifted from the stagnation point when the jet core region exists, whereas in the jet transition region and downstream the maximum of Nu appears at the stagnation point. When h/d falls in the jet core region, the position of maximum of Sh or Nu depends on the transverse area of the core which decreases when h/d increases. The growth of the K-H vortices downstream from the jet exit is accompanied by the shrinking of the jet potential core. Thus, the K-H rings increase in diameter and occupies the space freed by the potential core and increase the turbulence in that space. This is the reason why the peak in Sh spreads towards the stagnation point when h/d increases. At the end of the jet core region, the turbulence reaches the jet axis and the peak of Sh moves into the stagnation point.
There is a secondary peak in Sh distribution ( Fig. 8 and 10a ). This secondary peak of
Sh appears approximately at r/d = 2.5. This is consistent with the results of the literature which reports that the secondary peak in Nusselt or Sherwood number distribution occurs at the radial distance from the stagnation point ranging from 1.2d to 2.5d [3, [12] [13] [14] [15] . Kataoka and Mizushina [3] observed the second peak at r/d = 2.2.
The time averaged local Sherwood number Sh was fitted by a polynomial of six degree.
The global Sherwood number G Sh was obtained by integration of Sh using this polynomial: The global Sherwood number G Sh at r = 24.75 mm was compared to the global Sherwood number obtained directly from the limiting diffusion current through the platinum disc (ddisc=49.5 mm) when the stagnation point was centred on the disc. The value G Sh =305 obtained by integration of the Sh was about 8.5% higher than the value of 281 obtained by direct measurement technique. This difference can be due to the insulating annular gap around the electrodes where partial renewal of the active species can take place, especially when fluctuating velocity component normal to the wall is present. There can be also edge effects of electrodes which enhance the mass transfer [9] . Furthermore, Eq. 8 assumes an axial symmetry of the jet flow on the target, which is not perfectly true, particularly in the present study where the Reynolds number is low (see Fig. 9 ). Indeed, the low-Reynolds jet flows are sensitive to the slightest experimental disturbance or the slightest defect.
All the measured quantities are compared in Fig. 10 . The time averaged values γ of wall shear rate and time averaged values Sh of Sherwood number are shown in Fig. 10a . The wall shear rate is theoretically zero at the stagnation point. This value cannot be measured because (i) there is still a current even if the γ is zero and (ii) the stagnation point can oscillate about the jet axis.
The time averaged value γ of wall shear rate increases almost linearly in the stagnation region (see Fig. 10a ). Using the procedure described by Kristiawan et al. [10] and Meslem et al. [11] , the slope of a tangent to γ in the stagnation region which passes through 0 at r = 0 has a value of 6.35·10 5 m -1 s -1 which corresponds to the Sherwood number at the stagnation point S Sh of 573. This value compares quite well to the values of Sh in the stagnation region (0<r<5mm) which varies from 550 to 650 (Fig. 10a ). Extrapolating the relation (Eq. 9) published by Chin and Tsang [9] for a nozzle with constant circular cross section (tube) and laminar flow Re<2000 to our conditions, the S Sh equals to 820. Evidently the difference in S Sh is due to the different flow conditions. 054 .
As shown in Fig. 10a , the maximum of wall shear rate γ is at r/d = 0.69. Alekseenko and
Markovich [8] found the maximum of wall shear rate at r/d = 0.7 for a wide range of Re (6300; 55000), which is consistent with our results. Note that the maximum of Sh is closer to the stagnation point (r/d =0.57) than the maximum of γ . According to Kataoka and Mizushina [3] , the heat/mass transfer in the impinging region is much more sensitive to the amplified turbulence at the free-stream than the wall shear rate. The vortex dynamics in the impinging region for Re = 2450 captured using PIV (Figs 4-7) can explain Sh and γ maxima and their respective positions. The K-H vortices, which develop in the jet shear layer (the centre of the K-H structure is around r/d= 0.5), approached the target wall normal to it, and are deflected radially in the region r/d= 0.5-0.7 before impinging the wall around r/d = 0.7 (Fig. 7) . The peak in the wall shear rate γ corresponds to the region where the K-H vortices impinge the wall, whereas the maximum of Sh appears in the deflection region of the K-H vortices. As already suggested in [3] , the turbulence in the free-stream, caused by the K-H when they are deflected at the vicinity of the wall, penetrate the laminar boundary layer and produce a local maxima in heat/mass transfer. That is why the maximum of Sh appears slightly closer to the stagnation point than the maximum of γ .
The fluctuations of wall shear rate and Sherwood number are shown in Fig. 10b . They were calculated as standard deviation: Sh and also local maximum of 2 γ ′ are placed at r/d =2.5 where a second peak of the mean Sherwood number was observed ( Fig. 8 and Fig. 10a ). The second local maximum in heat/mass transfer is related to the appearance of the unsteady separation of the induced secondary vortices that form near the wall under primary K-H vortices [12] [13] [14] [15] 38] . (Fig. 10a ) change their slope. The maximum of the both relative fluctuations is at r/d=2.5 (Fig. 10c ).
The correction of the instantaneous value of γ on the inertia of the concentration boundary layer allowed us to define a new criterion. The ratio of the fluctuations calculated of the corrected values γcor (Eq. 4) to the fluctuations of the primary values is shown in Fig. 10d . We shall call the ratio 2 2 / γ γ ′ ′ cor correction factor in the following. The maximum of correction factor is 3 at r/d=1.47. The effect of different flow regimes on the correction factor will be discussed later. The correction factor depends on the effective probe length (L) in the flow direction (L= 1.64*R for a circular electrode of radius R [39] ). The concentration boundary layer on small probes is thin and the probe reacts the faster the smaller is its length. Hence the small probes used by Alekseenko (L=0.03 mm) and Kataoka (L=0.2 mm) would give smaller values of the correction factor, but their dependence on radius will be similar.
The histories of corrected and primary wall shear rates are shown in Fig. 11 at different radial positions (the chosen radial positions are indicated in Fig. 10d ), and the corresponding power spectral density calculated of corrected values are given in Fig.12 . The corrected γ passes through the local minima and maxima of the primary γ. According to Eq. 4, the corrected value x/d y/d is equal to a primary value if the derivative of primary value is zero. Close to the stagnation point r/d = 0.05 (Fig. 11a ) the values of wall shear rate and its fluctuations are rather low. The fluctuations are due to the displacement of the stagnation point with a weak periodicity of 26.1 and 44.3 Hz (see Fig. 12a ). At a radial position r/d=0.45 (Fig. 11b) , which is near the region where the periodic K-H vortices strike the target (Fig. 7) , the oscillations of the wall shear rate are sinusoidal with a single frequency of 26.1 Hz (see Fig. 12b ). This frequency is equal to the vortex shedding frequency captured using tomographic PIV (Fig. 6 ). At r/d=0.45 the correction factor is about 2. It should be noted that the frequency 26.1 Hz is imposed by the gear pump which is very close to the own frequency of the jet. Indeed, as mentioned earlier, the obtained Strouhal number θ St = 0.013, falls in the range [0.013-0.023], which characterize the shear layer mode of the circular natural free jet [33] .
The history of wall shear rates close to the maximum of γ, at r/d=0.70, is shown in Fig.   11c . The course is regular and periodical but the increase of γ is more rapid than its decrease (the slope of increasing phase is steeper than in the decreasing one) which correspond to "sharp peaks" and "large valleys" of corrected (true) wall shear rate (see Fig. 11c ). It is the reason why a second frequency of 2f = 52.2 Hz appeared in Fig.12c . This course of wall shear rate with a slower decrease than increase, and the presence of the first harmonic at this position can be The wall shear rates at a maximum of correction factor (2.95), at r/d=1.47, are shown in Fig. 11d . The inertia of the concentration boundary layer has a high value at this position. The course of γ is periodic with a slower increase than decrease. The increasing phase shows irregularities which are amplified in γcor. The corrected wall shear rate has minima close to zero and it is distorted at maxima. In consequence, there are three peaks (26.1, 52.2 and 78.3 Hz) at the corresponding spectra (see Fig. 12d ). During the impact on the wall, the rotating coherent structures create the wall shear rate with the same sign as the wall shear rate of the main stream.
Passing of these structures along the probe manifests in maxima of wall shear rate. Secondary counter-rotating vortices are formed at the place where these vortices detach from the wall.
These secondary vortices are at the origin of the secondary peak in heat/mass transfer distribution occurring at the radial distance ranging from 1.2d to 2.5d [12] [13] [14] [15] 38] .
It should be noted that the spatial resolution (0.28d×0.28d×0.28d) of the tomographic PIV technic used in the present study do not allow to capture this secondary structure, captured previously by the 2D PIV technic in [38] (see Fig. 13 ).
The values of γcor close to zero can be explained by these secondary vortices [18, 19] . The effects of the drifting velocity and rotation of secondary vortices are opposite and results in a wall shear rate close to zero [40] . From the behaviour of primary wall shear rates we can make conclusion that there is no reversing flow. Reversing flow would manifest itself by a local maximum in the region of minimum wall shear rate. It should be kept in mind that the limiting diffusion current is always positive no matter what the flow direction is.
Farther from the stagnation point at r/d = 2.50 and r/d = 3.01, the effect of vortices attenuates (see Fig. 11e and f). The coherent structures are far above the wall (see Fig. 5 ) and cause only sparse peaks on wall shear rate. There is no dominant frequency on the power spectra in Fig. 12e and f. Let us remember that the second local maxima of 2 γ ′ , 2 ' Sh and Sh distributions at r/d = 2.5 were explained by the presence of counter-rotating secondary vortices.
From the analysis made above and based on the Fig. 13 extracted from [38] the presence of the counter-rotating secondary vortices are expected to be present in a wide region (r/d ∼ 1.5 to 2.5). They are very close to the wall at r/d = 1.5 with a clear effect on the time evolution of wall shear rate γ (t) (see Figs 11d and 12d ), and they are far above the wall at r/d= 2.5 where γ (t) is not more periodic. Even if these vortices are rather far from the wall, they induce a local maximum of the mean local Sherwood number and its fluctuations ( Fig. 10a and b) .
The histories of local mass transfer are shown in Fig. 14a and b, and the corresponding power spectral density are given in Fig.12 . The thick concentration boundary layer on the platinum disc acts as a filter which attenuates high frequencies (Fig. 12 ). The second peak of γcor at 52.2 Hz is negligible on the spectra of Sh (Fig. 12c and d) 
Conclusions
The instantaneous values of local mass transfer and wall shear rate at an impinging wall were measured at the same points for the first time.
Numerous phenomena indicated by the measured quantities were analysed. A tomographic PIV measurements provided information on the organization of coherent flow structures, which play a role in the wall shear rate and the mass transfer phenomenon at the impinged wall.
The maximum of mean local Sherwood number was closer to the stagnation point (r/d = 0.57) than the maximum wall shear rate (r/d = 0.69). This difference was due to the dynamics of the Kelvin-Helmholtz (K-H) vortices approaching and impinging the wall. The turbulence created by the deflection of K-H vortices by the wall penetrated the laminar boundary layer and terminated the region of quasi-uniform accessibility to the mass transfer. As the mass transfer was increasing in this region, its termination corresponded to a maximum. The local maximum of the mean wall shear rate distribution corresponded to the point where the K-H vortices impinged the wall.
The peaks in the mean value and fluctuations of the local Sherwood number distributions which appeared approximately at r/d = 2.5 were related to the turbulence enhancement by the secondary counter-rotating vortices formed at the place where the K-H vortices detached from the wall.
The course of wall shear rate and local mass transfer close to their maxima (r/d ∼0.7) was regular and periodical with sharp peaks and width valleys. This phenomenon was explained by the interaction of the primary K-H structures with smaller structures issued from the breakingdown of the primary K-H structures which rotate in the same direction. At this position, the correction factor taking into account the inertia of the concentration boundary layer had a local minimum equal to 1.75.
The correction factor had its maximum (2.95) at r/d=1.47 where the course of instantaneous wall shear rate was periodic with large deformed peaks and sharp valleys. This phenomenon was related to the counter-rotating secondary vortices. They were present in a wide region (r/d ∼ 1.5 to 2.5); around r/d= 1.5 their occurrence close to the wall resulted in a clear periodicity of the wall shear rate, whereas farther, at r/d= 2.5, the vortices moved apart the wall and the wall shear rate was not more periodic. The related free-stream turbulence affected the boundary layer at this position and generated local maxima in the mean value and fluctuations of Sherwood number.
The global Sherwood number obtained by integration of the local Sherwood numbers, under the hypothesis of axial symmetry, was 8.5% higher than the value obtained from the limiting diffusion current through the whole surface of the platinum disc. The Sherwood number calculated from the slope of the tangent to the radial distribution of wall shear rate in the stagnation region corresponded quite well to the global Sh in this region.
